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ABSTRACT
We explore heavy element nucleosynthesis in neutrino-driven winds from rapidly-rotating,
strongly magnetized proto-neutron stars (“millisecond proto-magnetars”) for which the mag-
netic dipole is aligned with the rotation axis, and the field is assumed to be a static force-free
configuration. We process the proto-magnetar wind trajectories calculated by Vlasov et al.
(2014) through the r-process nuclear reaction network SkyNet using contemporary models
for the evolution of the wind electron fraction during the proto-neutron star cooling phase. Al-
though we do not find a successful second or third peak r-process for any rotation period P, we
show that proto-magnetars with P ∼ 1− 5 ms produce heavy element abundance distributions
that extend to higher nuclear mass number than from otherwise equivalent spherical winds
(with the mass fractions of some elements enhanced by factors of ∼> 100 − 1000). The heav-
iest elements are synthesized by outflows emerging along flux tubes which graze the closed
zone and pass near the equatorial plane outside the light cylinder. Due to dependence of the
nucleosynthesis pattern on the magnetic field strength and rotation rate of the proto-neutron
star, natural variations in these quantities between core collapse events could contribute to
the observed diversity of the abundances of weak r-process nuclei in metal-poor stars. Fur-
ther diversity, including possibly even a successful third-peak r-process, could be achieved
for misaligned rotators with non-zero magnetic inclination with respect to the rotation axis.
If proto-magnetars are central engines for GRBs, their relativistic jets should contain a high
mass fraction of heavy nuclei of characteristic mass number A¯ ≈ 100, providing a possible
source for ultra-high energy cosmic rays comprised of heavy nuclei with an energy spectrum
that extends beyond the nominal GZK cut-off for protons or iron nuclei.
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1 INTRODUCTION
The astrophysical sites responsible for synthesizing the heaviest el-
ements in the Universe via the rapid neutron capture process (r-
process, Burbidge et al. 1957; Cameron 1957) have been debated
for decades (for reviews, see Qian & Wasserburg 2007; Arnould
et al. 2007; Sneden et al. 2008; Thielemann et al. 2011).
Core collapse supernovae (SNe) have long been considered
potential r-process sites. This is in part due to their short delays
following star formation, which allows the earliest generations of
metal-poor stars in our Galaxy (e.g. Mathews et al. 1992, Sneden
et al. 2008), or satellite dwarf galaxies (e.g. Roederer 2016), to
be polluted with r-process elements prior to significant iron en-
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richment. Throughout the 1990s, the high entropy neutrino-heated
winds from proto-neutron stars (PNS) (Duncan et al. 1986; Qian
& Woosley 1996), which emerge on a timescale of seconds after a
successful explosion as the PNS deleptonizes, were considered the
most likely r-process site1 within the core collapse environment
(e.g., Meyer et al. 1992; Woosley et al. 1994). A high entropy, or
correspondingly low density, results in an α-rich freeze-out of the
3- and effective 4-body reactions responsible for forming seed nu-
clei in the wind (Woosley & Hoffman 1992). The resulting higher
1 Another r-process mechanism in the core collapse environment results
from ν−induced spallation in the He shell (e.g., Banerjee et al. 2011). This
channel is limited to very low metallicity Z . 10−3 and thus cannot rep-
resent the dominant r-process source over the age of the galaxy, though it
could be important for the first generations of stars.
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ratio of neutrons to seed nuclei then allows neutron captures to pro-
ceed to heavier elements than if the protons were instead entirely
trapped in heavy seeds.
However, some contemporary (e.g., Takahashi et al. 1994) and
many subsequent calculations of the wind properties (e.g., Qian &
Woosley 1996; Kajino et al. 2000; Sumiyoshi et al. 2000; Otsuki
et al. 2000; Thompson et al. 2001; Arcones et al. 2007; Roberts
et al. 2010; Martı´nez-Pinedo et al. 2012; Roberts et al. 2012; Fis-
cher et al. 2012) showed that the requisite combination of low elec-
tron fraction Ye . 0.5 and high entropy needed to reach the second
or third r-process peaks (Hoffman et al. 1997) were unlikely to be
reached. Possible exceptions include a very massive PNS (Cardall
& Fuller 1997), or given the presence of additional wind heating by
damping of convectively-excited acoustic or Alfve´n waves (Suzuki
& Nagataki 2005; Metzger et al. 2007) or of non-standard physics,
such as an eV-mass sterile neutrino (e.g., Tamborra et al. 2012; Wu
et al. 2014).
If all SNe produced the r-process in equal quantities, the re-
quired mass of r-process elements per event to explain Galactic
abundances is relatively low, ∼ 10−5 M (e.g. Macias & Ramirez-
Ruiz 2016). However, several lines of evidence instead support
much ‘higher yield’ r-process events being common in our Galaxy,
both now and in its early history. These include the detection of
244Pu on the ocean floor at abundances roughly 2 orders lower
than that expected if the source were frequent, low-yield events
like those predicted from PNS winds in normal SNe (Wallner et al.
2015; Hotokezaka et al. 2015). A fraction of the stars in the dwarf
galaxy Reticulum II are highly enriched in r-process elements, indi-
cating that this galaxy was polluted early in its history by a single r-
process event with a yield much higher than the standard neutrino-
driven wind (Ji et al. 2016). Based on an analysis of the mass
swept up by the SN blast wave, Macias & Ramirez-Ruiz (2016)
argue that, in order to explain the largest enhancements in [Eu/Fe]
at low metallicites, individual r-process events must synthesize at
least 10−3.5 M of r-process material, again significantly higher than
predicted by standard PNS wind models. Such high abundances, if
present in young Galactic SN remnants, would be detectable by
their radioactive gamma-ray or X-ray decay lines (Qian et al. 1998;
Ripley et al. 2014).
Increasingly, the mergers of compact binary neutron star sys-
tems are seen as promising alternative sites for at least the heaviest
r-process elements (Lattimer & Schramm 1974; Eichler et al. 1989;
Freiburghaus et al. 1999). General relativistic hydrodynamical sim-
ulations of the merger events show that some of the matter ejected
dynamically during the merger retains a sufficiently low electron
fraction (Ye . 0.1) to form the heavy r-process elements extending
beyond the third r-process peak at atomic number Z ∼> 78 (e.g.,
Goriely et al. 2011; Wanajo et al. 2014).
Less clear in the merger framework is the origin of the charged
particle process nuclei2 (Z = 38−40) and of the ‘light’ or ‘weak’ r-
process nuclei (Z ≈ 41− 55) nuclei. It is well known that r-process
nuclei with Z . 56 in metal-poor stars show greater star-to-star
variation in their abundance patterns than the heavier r-process nu-
clei (e.g. Honda et al. 2006; Roederer et al. 2010), despite show-
ing an apparently robust pattern similar to the solar abundances in
the heavier range 56 . Z . 76 (e.g. Sneden et al. 2008). Such
abundances variations are again difficult to explain from standard
PNS winds, which, other than due to usually modest variations in
2 These elements are sometimes also referred to as light element primary
process nuclei (Arcones & Montes 2011).
the PNS mass, should produce broadly similar yields for each su-
pernova. This has motivated considering alternative sources for the
light r-process nuclei in the environments of neutron star mergers,
such as accretion disk winds (Ferna´ndez & Metzger 2013; Perego
et al. 2014; Just et al. 2015; Martin et al. 2015; Wu et al. 2016) or
components of the dynamical ejecta with higher electron fractions
(Wanajo et al. 2014; Goriely et al. 2015).
This paper focuses on another variation on the canonical pic-
ture of neutrino-driven wind that occurs if the PNS is formed
rapidly-rotating, with an ultra-strong magnetic field B ∼> 1014−1015
G, similar to those of Galactic magnetars (a so-called “millisec-
ond proto-magnetar”; Thompson 2003). If magnetic fields are
dynamically-important during the SN explosion itself, magnetic
acceleration of matter away from the PNS can act to lower the
asymptotic electron fraction of the unbound ejecta by prevent-
ing the outflowing matter from coming into equilibrium with neu-
trino absorption reactions (Metzger et al. 2008), possibly facilitat-
ing a heavy r-process (Metzger et al. 2008; Winteler et al. 2012;
Nishimura et al. 2015, 2016). Although such models have great po-
tential, quantitative studies of MHD-SNe are still in their infancy
(e.g. Takiwaki et al. 2016). High resolution three-dimensional sim-
ulations are needed to resolve the dynamo responsible for tapping
into the shear kinetic energy to generate a large-scale magnetic field
(Guilet & Mu¨ller 2015; Mo¨sta et al. 2015; Sawai & Yamada 2016).
They are also needed to capture the growth of non-axisymmetric
(e.g. magnetic kink and sausage mode) instabilities, which can dis-
rupt MHD jet-like structures that otherwise are stable in axisym-
metric simulations (e.g., Mo¨sta et al. 2014). The observed rate of
presumably MHD-powered, hyper-energetic SNe is also low com-
pared to the total core collapse rate (e.g. Podsiadlowski et al. 2004),
thus requiring a high r-process yield per event to explain the Galac-
tic abundances through this channel alone.
Even if rotation and magnetic fields are not dynamically im-
portant during the explosion phase itself, they will become so dur-
ing the subsequent neutrino-wind phase (Thompson 2003; Thomp-
son et al. 2004; Metzger et al. 2007). Indeed, such a situation is
potentially much more common than a full-blown MHD-powered
SN, because the angular momentum of the progenitor stellar core
needed to produce a PNS rotating with a period of P ∼> 3 − 4 ms is
probably lower than that needed to explode the star (although see
Thompson et al. 2005). Furthermore, the impact of such a mod-
erately rapidly-rotating magnetar on the properties of the explo-
sion, such as its total energy and 56Ni yield, could be compara-
tively modest (e.g. Suwa & Tominaga 2015). The total birth rate of
Galactic magnetars is estimated to exceed 10% of the total core
collapse rate (Woods & Thompson 2006), but the birth rotation
rates are largely unconstrained observationally. A small popula-
tion of core collapse supernovae with extremely high optical lu-
minosities may result from millisecond magnetar birth (e.g. Kasen
& Bildsten 2010; Woosley 2010; Metzger et al. 2014). However,
the limited range of rotation periods and surface dipole magnetic
field strengths which result in greatly enhanced SN emission imply
that only a fraction of all magnetar births manifests this way.
Vlasov et al. (2014, hereafter V14) solved for the steady-state
structure of neutrino-heated winds from rotating, magnetized PNS,
building on the previous one-dimensional equatorial monopole cal-
culations of Metzger et al. (2007). V14 assumed that the magnetic
field structure was that of an axisymmetric aligned dipole under the
force-free approximation (Timokhin 2006). This is valid provided
that the energy density of the magnetic field greatly exceeds that
of gas pressure and the kinetic energy density, as they find to be
valid throughout the radii where the most important nucleosynthe-
c© 2014 RAS, MNRAS 000, 1–11
Neutrino-heated winds from proto-magnetars 3
sis occurs for surface dipole field strengths of Bd ∼> 1014 − 1015 G,
depending on the neutrino luminosity (V14, their Fig. 3). V14 ob-
tained a series of one-dimensional solutions calculated along flux
tubes corresponding to different polar field lines. They stitched to-
gether these flux tube solutions to determine the global wind prop-
erties across the entire open magnetosphere at a fixed neutrino lu-
minosity and rotation period.
V14 found that proto-magnetars with rotation periods of P ∼
2 − 3 ms produce outflows more favorable for the production of
third-peak r-process nuclei. This is due to their much shorter ex-
pansion times τdyn through the seed nucleus formation region, yet
only moderately lower entropies s, as compared to spherical non-
rotating PNS winds. They found that the critical ratio of s3/τdyn was
higher than for spherical winds, but not sufficiently so that nucle-
osynthesis would proceed to the third r-process peak at A ∼ 200,
based on the analytic criteria of Hoffman et al. (1997). Except in
the case of extremely rapid rotation, near the centrifugal break-up
period of P ∼ 1 ms, magnetic acceleration was not found to sig-
nificantly enhance the mass outflow rate per unit surface area. In
fact, the total mass loss rate M˙ is in most cases substantially lower
than in an otherwise equivalent spherical wind because outflows oc-
cur only along open magnetic field lines, which thread only a small
fraction (. 10%, depending on the rotation period) of the total PNS
surface.
The present paper explores the nucleosynthetic yield of mag-
netar birth in greater detail by processing the wind trajectories from
V14 through the nuclear reaction network SkyNet (Lippuner &
Roberts 2015) in order to determine the detailed wind abundance
pattern (§2). Even in the non-rotating spherical case, several crit-
ical wind properties remain uncertain; most notably the electron
fraction Ye depends sensitively on the differences between the lu-
minosities and mean energies of the electron neutrinos and anti-
neutrinos diffusing out from the PNS interior. The accuracy of these
luminosities and neutrino energies is currently limited by uncer-
tainties in the radiation transport and microphysics. Thus, in most
cases we focus on comparing our calculated yields to those of oth-
erwise equivalent spherical winds, in order to isolate the diversity
in the nucleosynthesis imprinted exclusively by magneto-rotational
effects (§3). Although we find that proto-magnetars are probably
incapable of synthesizing the heaviest r-process elements, at least
during the neutrino wind phase, their winds may still contribute to
the inferred Galactic diversity of weak r-process sources (§4.2).
Beyond their role as possible sources of r-process nucleosyn-
thesis and engines for powering luminous supernovae, millisecond
magnetars are contenders for the central engines powering gamma-
ray bursts (Usov 1992; Wheeler et al. 2000; Thompson et al. 2004;
Metzger et al. 2011a). If GRBs are indeed powered by the rota-
tional energy of a magnetar, then the nucleosynthesis products of
their winds will be directly entrained in the relativistic jet which
escapes from the star and powers the prompt gamma-ray emission.
As we describe in §4.3, this unique jet composition could have im-
plications for the composition of ultra-high energy cosmic rays if
they are accelerated in GRB jets (Metzger et al. 2011b).
2 NUCLEAR REACTION NETWORK CALCULATIONS
2.1 Thermodynamic Trajectories
In the limit of force-free electrodynamics, the geometric structure
of the proto-magnetar wind from aligned rotator is fully specified
by the magnetar rotation period P and the Y point radius RY, which
Figure 1. Geometry of neutrino-heated winds from magnetized aligned ro-
tating proto-neutron stars. Outflows occur from the ‘open zone’, along field
lines with polar angles θ < θmax, where θmax = sin−1 [Rns/RY] is the angle
of the last closed field line, Rns is the PNS radius, RY . RL is the radius at
which the last closed field line crosses the equator (the ‘Y point’), RL = c/Ω
is the light cylinder radius, and Ω is the angular rotation rate of the PNS. In
the illustration and in our calculations we have assumed that RY = RL. The
network calculations start once the nucleons in the wind partially recombine
to α−particles, at T = 7 · 109 K.
defines the intersection between the last open field lines of the polar
cap and the equatorial plane. We operate under the assumption that
RY equals the radius of the light cylinder, RL = c/Ω = 2picP, where
Ω = 2pi/P is the magnetar rotational angular frequency (Fig. 1).
Unbound outflows occur along open magnetic flux bundles, with
the outflow geometry varying with latitude θ from the pole at θ = 0
to the last open field line at θ = θmax ' sin−1 [Rns/RL], where Rns =
12 km is the assumed NS radius.
Our nucleosynthesis calculations are performed along steady-
state, one-dimensional wind trajectories for different field lines θ,
as calculated by V14 for different values of P and electron neu-
trino luminosity Lν ≡ (Lνe + Lν¯e )/2, where Lνe and Lν¯e are the neu-
trino and anti-neutrino luminosities, respectively. As described be-
low, the results for different flux tubes are combined by integrating
across the entire open magnetosphere,
∫ θmax
0
〈...〉dΩ, to quantify the
total nucleosynthesis of the wind as a function of P and Lν. The
steady-state approximation we adopt is valid if the magnetosphere
structure does not change with rotation or due to changes in the
convective structure of the star. The timescale for the outflow to
pass through the nucleosynthesis region is much shorter than the
timescale over which Lν is decreasing due to the Kelvin-Helmholtz
cooling evolution of the NS, or the timescale over which P is in-
creasing due to angular momentum losses due to magnetic dipole
spin-down.
We start our reaction network calculations just after free nu-
cleons recombine into α-particles at a temperature of T ' 7 × 109
K. At small radii, where the magnetic field is dynamically strong
compared to the thermal or kinetic energy densities, the force-free
approximation is valid and we employ density trajectories from
V14. At sufficiently large radii, matter inertia comes to dominate
c© 2014 RAS, MNRAS 000, 1–11
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the energy density of the magnetic field, and the outflows should
approach a spherical outflow. The density profile of a steady-state
wind which has reached a constant asymptotic velocity, should ap-
proach ∝ 1/r2 ∝ 1/t2, while at larger radii where internal velocity
gradients become important the profile will approach ρ ∝ 1/r3 ∝
1/t3 appropriate for a freely expanding homologous outflow. As
shown in Figure 3, we interpolate directly between the V14 trajec-
tories at small radii and the asymptotic 1/t3 dependence at large
radii. This simplification is motivated by the fact that the qualita-
tive features of the abundance patterns are robust to the detailed
density trajectory outside of the radii where charged particle pro-
cesses cease and the neutron-to-seed ratio has been determined.
Another simplification is that we neglect heating or deceler-
ation of the wind by the reverse shock, which is produced as the
wind interacts with the surrounding supernova ejecta. This is justi-
fied in part3 because the radius of the pulsar wind termination shock
Rrs ' (vej/c)1/2Rej (e.g. Gaensler & Slane 2006), where vej is the
mean velocity of the SN ejecta, is generally much larger than the
radius where the formation of seed nuclei occurs. The latter gen-
erally occurs close to the light cylinder radius, which determines
the radial scale of outflow divergence. At time t since explosion we
have Rej ' vejt and thus
Rrs
RL
≈ 37
( vej
104 km s−1
)3/2 ( t
1s
) ( P
1 ms
)−1
. (1)
We thus have Rrs  RL for times t ∼> 1 s and rotation periods
P . 10 ms of interest, implying that seed formation occurs well
inside the termination shock.
We start the nucleosynthesis network after the formation of α-
particles. By this time, most of the key parameters of the outflow
(entropy s, expansion timescale τdyn, electron fraction Ye and mass
loss rate M˙) have already been determined in the free nucleon zone
at small radii, where nuclear statistical equilibrium (NSE) provides
a good approximation for equation of state. Furthermore, after α-
particle formation, neutrino heating and cooling have become neg-
ligible and hence are not included in the network reactions. Figure 2
shows that our calculations begin at radii 5−7 times larger than the
location where the neutrino heating rate reaches its maximum just
above the NS surface. The locations of maximum neutrino heat-
ing are marked by stars in this figure, while the locations where
T = 0.5 MeV, which approximately corresponds to the locations of
α-formation, are marked by circles.
V14 do not account for entropy gain from α-particle forma-
tion, which we therefore increase by hand from its initial value s0
from V14 according to
s = s0 + Xα(s, ρ,Ye) · ∆sα, (2)
where Xα(s, ρ) is mass fraction of α under NSE with given entropy,
∆sα = Qα/Tα is entropy gain from α formation, Qα is the heat of α-
formation, and Tα is the temperature of α formation. Since the latter
depends weakly on other wind parameters, we adopt a fixed value
of ∆sα = 10kB nucleon−1, corresponding to Tα = 8 GK. The start-
ing temperature for the reaction network is determined from the
density and the entropy according to equation (2), with subsequent
evolution tracked self-consistently from the density trajectory and
radioactive heating.
Finally, we must specify the initial outflow electron fraction
3 In addition, highly magnetized winds experience much weaker compres-
sional heating than unmagnetized winds due to the additional support from
magnetic pressure.
used in our network calculations, which equals the “final” electron
fraction Ye,final set by processes near the PNS surface. In standard
thermally-driven PNS winds, this value is determined by the com-
petition between electron neutrino and electron anti-neutrino cap-
ture reactions on free nucleons,
νe + n↔ p + e− ν¯e + p↔ n + e+. (3)
These reactions have frozen-out (become slow compared to the ex-
pansion rate) at the large radii where our calculations would begin,
resulting in an electron fraction close to the equilibrium value set
by neutrino absorption reactions (Qian & Woosley 1996)
Ye,eq =
(
1 +
Lν¯e
Lνe
〈εν¯e 〉 − 2∆ + 1.2∆2/〈εν¯e 〉
〈ενe 〉 + 2∆ + 1.2∆2/〈ενe 〉
)−1
, (4)
where ∆ = 1.293 MeV is proton-neutron mass difference and
〈εν¯e 〉/〈ενe 〉 are the mean energies of electron neutrinos and antineu-
trinos, respectively.
For relatively slowly rotating proto-magnetars, P > 2 ms,
the final electron fraction is very similar to the normal thermally-
driven case, i.e. Ye,final ' Ye,eq. However, in the most rapidly spin-
ning cases, P . 2 ms, we can have Ye,final < Ye,eq due to rapid
magnetocentrifugal acceleration (Thompson et al. 2004; Metzger
et al. 2007, 2008, V14), which causes a premature freeze-out of the
neutrino absorption processes before Ye is raised completely from
its low value near the PNS surface. More quantitatively, introduc-
ing the definition (∆Ye)cent ≡ Ye,final − Ye,eq, we find that maximum
(∆Ye)cent ' −0.14 for P = 1 ms, Lν = 6 · 1051 ergs s−1, θ = θmax and
(∆Ye)cent ' −0.011 for P = 2 ms, Lν = 1052 ergs s−1, θ = θmax. We
keep the dependence of (∆Ye)cent on Lν = 0.5(Lνe +Lν¯e ) and θ and we
neglect the dependence on the other parameters (Ye,eq, Lνe , ενe , εν¯e ).
As the initial conditions for our network calculations we there-
fore take Ye,final = Ye,eq(t) + (∆Ye)cent[Lν, θ] for P = 1, 2 ms and
Ye = Y
eq
e (t) for all other periods.
The value of Ye,eq(t) is calculated from equation (4) using the
time evolution of Lνe , Lν¯e , 〈εν¯e 〉, 〈ενe 〉 from PNS cooling calcula-
tions of Roberts et al. (2012). Given the uncertainties in neutrino
radiation transport (e.g. Fischer et al. 2012; Roberts et al. 2012;
Martı´nez-Pinedo et al. 2012), especially in the essentially unex-
plored case of very rapid rotation (however, see Thompson et al.
2005; Thompson 2007) and given the effects of ultra-strong mag-
netic fields on the microphysics (Lai & Qian 1998; Duan & Qian
2004), we concentrate on comparing the properties rotating proto-
magnetar winds to the conventional unmagnetized spherical wind
case.
2.2 Reaction Network Calculations
We start our nucleosynthesis calculations at the point where V14
trajectory reaches T = 7 × 109 K, corresponding to the approx-
imate temperature of α−particle formation. However, our actual
starting temperature is slightly larger because of the entropy en-
hancement from α-formation (eq. 2). We use the nuclear reaction
network SkyNet (Lippuner & Roberts 2015) for the nucleosyn-
thesis calculation. The composition starts out in nuclear statistical
equilibrium (NSE), a good approximation for the initial tempera-
ture T ∼> 7 × 109 K. Given the extrapolated density as a function
of time (see §2.1), SkyNet then evolves the abundances of 7843
nuclear species under the influence of over 140,000 nuclear reac-
tions. The evolved species range from free neutrons and protons to
337Cn (Z = 112). SkyNet also evolves the entropy and temperature,
which change due to the expansion of the material and energy re-
leased by the nuclear reactions. SkyNet uses a modified version of
c© 2014 RAS, MNRAS 000, 1–11
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Figure 2. Density ρ(r) as a function of the radial coordinate r along the out-
flow in the neutrino-heated wind of a proto-magnetar with a rotation period
P = 2 ms and neutrino luminosity Lν = 1052 ergs s−1 (V14). Green and red
lines show outflows along polar field lines (θ = 0) and the last open field
line (θ = θmax), while a purple line shows for comparison the trajectory
of an otherwise identical spherical wind of the same neutrino luminosity.
Also shown is the point of maximal specific heating (asterisk), approximate
location of α-particle formation (T = 0.5 MeV; circle), the sonic point (di-
amond), and the light cylinder (square).
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Figure 3. Density profiles of wind calculations from V14 for Lν = 1052 ergs
s−1, for both rotating proto-magnetars with P = 3 ms (blue and green lines)
and spherical wind (blue line). At large radii we extrapolate the density
profile ρ ∝ t−3 (black lines), as expected at very late times for homologous
expansion.
the Helmholtz equation of state (Timmes & Swesty 2000), which
treats every nuclear species as a separate Boltzmann gas, including
also electron-positron gas with arbitrary degree of relativism and
photon gas. In some trajectories the initial temperature after taking
into account the entropy gain from α-formation is above 1010 K. In
these cases, SkyNet uses nuclear statistical equilibrium for evolu-
tion of the network up to 1010 K, below which it switches to full
network evolution with all reactions.
The rates of the strong reactions come from the JINA REA-
CLIB database (Cyburt et al. 2010), but only the forward rates
are used and the inverse rates are computed from detailed bal-
ance. This is to ensure consistency with NSE, which depends on
the nuclear masses. Spontaneous and neutron-induced fission rates
are taken from Frankel & Metropolis (1947), Panov et al. (2010),
Mamdouh et al. (2001), and Wahl (2002). Most of the weak rates
come from Fuller et al. (1982), Oda et al. (1994), and Langanke
& Martı´nez-Pinedo (2000) whenever they are available, and oth-
erwise the REACLIB weak rates are used. We used the nuclear
masses and partition functions from the WebNucleo XML file dis-
tributed with REACLIB, which contains experimental data where
available and finite-range droplet macroscopic model (FRDM, see
e.g. Moller et al. 2015) data otherwise.
For Ye > 0.5, charged particle process nuclei (Z ' 38 − 40)
can also be formed through νp process (e.g. Fro¨hlich et al. 2006;
Arcones & Montes 2011); however, even though SkyNet supports
including neutrino interactions, we do not include these in the
present calculations. We leave an exploration of charged particle
process nuclei formation in proton-rich proto-magnetar winds to
future work.
2.3 Classes of Abundance Models
The nucleosynthesis products of proto-magnetar winds vary as a
function of the latitude of the open flux tube at a fixed time. They
also vary in a global sense, integrated over the entire magneto-
sphere at a fixed time, or averaged over all times in the PNS cooling
evolution. We cover the range of possible diagnostics of the wind
nucleosynthesis by calculating the abundance patterns in three gen-
eral cases:
(i) Individual flux tubes along different latitudes θ at a fixed
time (or equivalently, neutrino luminosity), producing abundance
yields as a function of (θ, Lν,Ye, P).
(ii) The entire wind at a fixed time, by integrating individual
flux tubes over the solid angle of the open magnetosphere, produc-
ing abundance yields as a function of (Lν,Ye, P).
(iii) The entire wind (integrated over the open magnetosphere)
averaged over the Kelvin-Helmholtz cooling epoch Lν(t) (Fig. 4),
producing abundance yields as a function of just the rotation period
P.
In the angle-integrated cases, we weight the abundances by the
mass loss rate along each given open flux tube. In the time-
integrated case, they are weighted also by the total ejected mass
from the entire magnetosphere at each epoch t. In the latter case,
by fixing the rotation period, we have assumed that the magnetic
spin-down time of the pulsar is longer than Kelvin-Helmholtz cool-
ing timescale of seconds; this approximately is justified for surface
magnetic dipole field strengths of Bd . 1016 G.
In the time-integrated case, we also consider two methods
for treating the time evolution of the electron fraction Ye. In one
case, we fix Ye at a constant value throughout the cooling epoch.
In the second case we derive its value as described in §2.1 using
the equilibrium electron fraction (eq. 4) from the time evolution
of Lν, Lν¯, 〈εν¯e 〉, 〈ενe 〉 from the PNS cooling calculations of Roberts
et al. (2012), as shown on Figure 4. Since we are focused on the
r-process, we integrate only over epochs when Ye,eq < 0.5, i.e. at
times 0.1 . t . 5 s, and all reported wind properties (e.g., ejecta
mass, mass fractions, etc. - all the data in Table 1) refer to just this
time period. This is a reasonable approximation to the total yield
of the wind, since the bulk of the total mass loss is occurs at early
times t ∼ 1 − 2 s.
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Figure 4. The blue line (right axis) shows the time evolution of the electron
neutrino luminosity Lν(t) = (Lνe + Lν¯e )/2 used in our calculations, based on
the electron neutrino luminosity Lνe (t) and antineutrino luminosity Lν¯e (t)
from the Kelvin-Helmholtz cooling calculations of Roberts et al. (2012). A
red line (left axis) shows the corresponding equilibrium value of the electron
fraction Ye,eq (eq. 4) used as input to our nucleosynthesis calculations (we
also down-correct Ye for centrifugal effects for P 6 2 ms, but this is not
shown here).
3 RESULTS
3.1 Variation in wind properties across the magnetosphere
Based on the s3/τexp threshold criterion of Hoffman et al. (1997),
V14 concluded that rotating proto-magnetars are more suitable for
producing heavy r-process nuclei than in the spherical wind case,
but not to the degree necessary to reach the third abundance peak
(Z ∼> 78) for currently favored values of Ye ∼> 0.4.4 Although our
nucleosynthesis calculations presented here confirm this broad con-
clusion, we find some quantitative differences. While V14 found
that the most promising rotation period for producing heavy ele-
ments was P = 2 ms, here we find that P = 1 ms is instead opti-
mal. P = 1 ms is a special case because of centrifugal effects are
particularly pronounced, and the values of s and Ye,final thus differ
significantly from the spherical case.
We focus our analysis in this section on models with P = 1 and
3 ms. The latter case plays important role because the rotational en-
ergy of the magnetar with P = 3 ms, Erot = IΩ2/2 ≈ 1051 ergs, is
comparable to the kinetic energy of a normal SN. Hence magnetars
born with P ∼> 3 ms could in principle be ‘hidden’ among the nor-
mal population of normal SNe without violating constraints on the
observed kinetic energies of their ejecta from SN spectra and the
total energies of their remnants (as already discussed, hypernovae
are known to be rare; e.g. Podsiadlowski et al. 2004; Woosley &
Bloom 2006).
Figure 5 shows the mass fraction as a function of nuclear
charge Z for different outflow latitudes θ, calculated for P = 1 ms
(top panel) and P = 3 ms (lower panel). For all values of θ, the
abundance distribution extends to higher masses Z than the other-
wise equivalent spherical wind with the same Lν and Ye, which is
shown for comparison with a purple line. Part of this effect is due
to the shorter expansion time through the seed formation region
4 For some trajectories in the most rapidly spinning P = 1 ms case for
which Ye . 0.38, the value of s3/(τexpY3e ) did exceed the modified Hoffman
et al. (1997) criterion for reaching A = 200.
Table 1. Summary of Time-integrated Models
P, ms A¯(a) Z¯(a) Xα X
†
n X
†
p Mej , M
-∗ 87.34 37.71 0.561 9.24 · 10−7 3.65 · 10−7 9.98 · 10−4
1 98.94 42.61 0.429 4.83 · 10−4 5.58 · 10−5 3.45 · 10−3
2 98.73 42.53 0.685 3.42 · 10−4 4.07 · 10−5 1.79 · 10−4
3 97.81 42.13 0.719 2.18 · 10−4 2.55 · 10−5 1.06 · 10−4
4 97.36 41.94 0.714 1.90 · 10−4 2.22 · 10−5 7.80 · 10−5
5 95.07 40.96 0.688 1.62 · 10−4 1.90 · 10−5 6.64 · 10−5
10 94.07 40.53 0.675 9.34 · 10−5 1.08 · 10−5 2.52 · 10−5
(a) Mean mass number for all elements except H and He; ∗Spherical solutions; † Mass fraction of
free neutrons and free protons at t = 100 s, i.e. prior to the decay of free neutrons.
caused by the faster diverging outflow areal function ∝ 1/r3 in the
dipole magnetic field, as compared to the spherical wind case (areal
function ∝ 1/r2), as well as centrifugal force from rotation.
Figure 5 also shows that the abundance distribution proceeds
to heavier elements with increasing θ, due to the additional acceler-
ation caused by magneto-centrifugal acceleration along field lines
inclined with respect to the rotation axis. The heaviest nuclei are
synthesized in those outflows which graze the closed zone and pass
near the equatorial plane outside the light cylinder.
Shown for comparison with a dashed blue line are the abun-
dances integrated over the open zone of the entire magnetosphere,
from which it is apparent that the flow properties near the last open
field line (θmax) also dominate the total abundance of the wind. This
is expected because outflows with larger θ contribute a greater frac-
tion of the total open solid angle of the magnetosphere and, to a
lesser extent, because the mass loss rate per unit surface area is en-
hanced by magneto-centrifugal acceleration for larger θ (Thompson
et al. 2004; Metzger et al. 2007).
Most of our calculations employ Newtonian gravity for a NS
of mass M = 1.4M. However, Figure 6 shows the results for a
more massive NS with M = 2M NS, as well as for a model with
M = 1.4M but using the Paczyn´ski-Wiita potential to mimic the
effects of general relativity (GR). The effect of a higher NS mass,
or the effectively higher mass due to the deeper Paczyn´ski-Wiita
potential, is also to increase the maximum mass nuclei synthe-
sized, extending it up to Z ≈ 54 (Xenon), near the peak of the
2nd r-process peak. This well known effect results because of the
additional heating, and hence higher asymptotic entropy, achieved
by the winds to escape from the deeper potential well (Cardall &
Fuller 1997). Note, however, that we have not included the GR-
induced gravitational redshift on the mean neutrino energies, which
somewhat reduces the neutrino heating rate and acts to mitigate this
effect (e.g. Thompson et al. 2001).
3.2 Time-integrated models
Figure 7 shows the total yield of proto-magnetar winds, integrated
across the entire Kelvin-Helmholtz cooling evolution using the
Ye(t) evolution from Roberts et al. (2012) (Fig. 4) and (∆Ye)cent from
V14 for P = 1, 2 ms. We show both the total mass (top panel) as
well as in ratio of abundances to those calculated in the otherwise
equivalent case of a spherical wind (bottom panel). One clear trend
is that the abundance distribution extends to heavier elements in
the rotating case, with a larger number of heavy elements synthe-
sized with decreasing rotation period as compared to the otherwise
equivalent spherical case.
However, strong magnetic fields also reduce the mass of the
ejecta in light elements. This reduction is due to the fact that only
a small fraction of the PNS surface is open to outflows, such that
c© 2014 RAS, MNRAS 000, 1–11
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Figure 5. Mass fraction of nuclei X(Z) synthesized in the proto-magnetar
wind of neutrino luminosity Lν = 1052 ergs s−1, and neutrino equilibrium
electron fraction Ye = 0.45. Results are shown for two rotation periods:
P = 1 ms (top panel) and P = 3 ms (bottom panel); in the former case, the
value of Ye is lower than its equilibrium value set by neutrino absorptions
due to centrifugal acceleration effects, as marked in the key. Different lines
correspond to the abundances synthesized in the wind along field lines with
different polar angles θ at the NS surface, ranging from near the pole (θ ' 0)
to the last open field line θmax (depending on the rotation period). Shown
for comparison with a blue dashed line are the mass-weighted abundances
integrated over the solid angle of the open magnetosphere. A purple line
shows the abundances from an otherwise identical calculation of a spherical
non-rotating non-magnetized wind.
the total ejecta mass from each event is typically smaller than the
spherical case by this purely geometric factor of
fopen ≈ 2piθ
2
max
4pi
≈ 1
2
Rns
RY
≈ 0.13
( P
1 ms
)−1
, (5)
which we show as a dashed line in Fig. 7. The only period that ex-
hibits a significant enhancement compared to this geometric factor
across most elements is P = 1 ms because of the large centrifu-
gal enhancement in the mass loss rate per unit surface area, which
overcomes the (comparatively modest) reduction due to fopen ≈ 0.1
in this fastest spinning case.
Figure 8 shows the abundance-weighted mass A¯ of synthe-
sized nuclei as a function of the magnetar rotation period (red
crosses, bottom axis), from which it is clear that A¯ decreases mono-
tonically with increasing spin period P. For comparison a red line
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Figure 6. Mass fraction of nuclei, integrated across the entire open magne-
tosphere of a proto-magnetar with P = 3 ms, Ye = 0.45, and Lν = 1052 ergs
s−1. Here we compare the fiducial case of Newtonian gravity for a 1.4M
NS (purple line) to the result for a 2.0M NS (blue line). Also shown is
the case of a 1.4M NS (green line) calculated using a modified Paczyn´ski-
Wiita potential, meant to mimic the deeper potential well of GR.
shows the result for a spherical wind using the same neutrino-
cooling evolution from Roberts et al. (2012) as in the magnetized
case. The mean value of A¯ for P = 1 − 10 ms is 97, but the A¯ in
spherical case is A¯sph = 87: hence, the rotation with P = 1 − 10 ms
lowers A¯ by 10 units. On the top axis we also show the value of A¯
calculated in the spherical non-rotating case assuming a temporally
fixed value of Ye.
The fact that the ejecta mass in individual elements exceeds
those produced in the spherical case by a factor up to 102 (or 103
in case of P = 1 ms) has the striking implication that millisecond
magnetars possess unique nucleosynthetic signatures, which would
be measurable even if only one in 100(1000) neutron stars were
born strongly magnetized with P . 4 ms (P ≈ 1 ms).
Table 1 summarizes important quantities from our time-
integrated models. We see that centrifugal effects enhance the val-
ues of A¯ and Z¯ moving to shorter periods. Enhanced centrifugal
mass loss overpowers the geometric factor for P = 1 ms, such that
the total ejecta mass of Mej ≈ 3 × 10−3 M for P = 1 ms is about
three times higher than in the spherical case.
4 DISCUSSION
4.1 Rate constraints on the birth of magnetars
If millisecond proto-magnetars are found to produce large quan-
tities of rare isotopes, one could in principle place constraints on
their birth periods based on their nucleosynthetic yields compared
to those in our Galaxy as inferred from the solar abundances. An
upper limit on birth rate of magnetars of a given rotation period is
given by
R 6 min
Xi,Mgas
Mej,it
=
Xi,Mgas
Xi,wind Mejtgal
, (6)
where Xi,wind is mass fraction of an element (or an isotope) in
the PNS wind, Mej is the total wind ejecta mass, Xi, is the mass
fraction of the same element (or isotope) on the Sun, Mgas ≈
3.3 × 1010 M is the total mass of gas in the Galaxy when the Sun
formed, and tgal ≈ 1010 years is the age of the Galaxy when the
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Figure 7. Top: Total wind ejecta mass in individual elements, time-
integrated across the Kelvin-Helmholtz cooling epoch using the Ye(t) evo-
lution from Roberts et al. (2012) (Fig. 4) and (∆Ye)cent from V14 for
P = 1, 2 ms. Bottom: Ratio of the wind ejecta mass of each element in
proto-magnetar models relative to those in the otherwise equivalent spher-
ical non-rotating wind models. The dashed lines of same color shows the
purely geometric factor fopen (eq. 5) arising from fraction of the PNS mag-
netosphere open to outflows.
Sun formed. In other words, the total ejecta mass of a given ele-
ment or isotope under consideration cannot exceed the total mass
of that element contained in the gas from which the Sun formed
(assuming the Sun formed from “ordinary” gas with abundances
representative of the Galactic mean).
Figure 9 shows the result of such a calculation of the max-
imum allowed birth rate in events per century, which is approxi-
mately also the fraction of neutron star births. A purple line shows
the rate derived from our time-integrated calculation of proto-
magnetar winds, as a function of the magnetar rotation period.
Shown for comparison with a blue line is the rate limit for the stan-
dard non-rotating spherical wind case.
It may be surprising that, for standard spherical winds, the al-
lowed event rate is very low, . 0.05 per century. This is due to
the well-known fact that standard spherical winds overproduce the
charged particle process nuclei with Z = 38 − 40 (e.g. Arcones &
Montes 2011) for the neutron-rich wind conditions Ye . 0.5 found
using contemporary PNS cooling calculations (Roberts et al. 2012;
Martı´nez-Pinedo et al. 2012; Fischer et al. 2012).
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Figure 8. Abundance-weighted mass A¯ of synthesized nuclei, excluding
H and He. Bottom Axis: Red crosses show the results for time-integrated
models with Ye(t) evolution from Roberts et al. (2012) (Fig.4) for different
rotation periods, while the solid line shows the result for the non-rotating
spherical wind case for the same Ye evolution. Top Axis: Blue asterisks show
time-integrated models of a spherical wind which instead assume a tempo-
rally constant value of Ye as marked on the top axis.
It may also be surprising that the rate constraints are weaker
on proto-magnetar winds than on spherical winds, despite the fact
that the nucleosynthesis of proto-magnetars extends to higher Z el-
ements, which are rarer in the solar system. This is again explained
by the fact that only a small fraction of the PNS surface is open to
outflows, such that the total ejecta mass from each event is typically
smaller than the spherical case by the geometric factor fopen (eq. 5).
The green line in Fig. 9 shows the rate constraints one would derive
if the composition of a spherical wind was attenuated by the purely
geometric factor fopen. The resulting rate constraint is weaker than
the proto-magnetar case including the full effects of the magne-
tized wind dynamics on the composition itself (purple line); this
shows that the rare higher Z elements which are synthesized proto-
magnetar winds do tighten the rate constraint significantly, but not
enough to overcome the purely geometric suppression factor fopen.
The net result of all of this is that the effects of magnetic fields
and rotation are sufficiently modest that - given also current uncer-
tainties in the electron fraction of the wind - one cannot at present
place meaningful constraints even on the birth rate of non-rotating
PNS, much less on their birth periods and magnetic field strengths.
Still, our results show that at least under our assumption for the
electron fraction of the wind, the birth rate of magnetars with mil-
lisecond periods cannot exceed ∼ 1−10% of the core collapse SNe
rate, depending on rotation period. Reassuringly, this number ex-
ceeds the total birth rate of Galactic magnetars (Woods & Thomp-
son 2006) and is consistent with the lower millisecond magnetar
birth rate inferred if they power hydrogen-poor superluminous su-
pernovae (e.g. Quimby et al. 2013).
It is possible that neutron stars are generically born with
magnetar-strength fields. This could occur, for instance, if strong
fields are generated by a convective dynamo in the PNS, which later
decay away in the majority of cases by the time they are observed as
radio pulsars. We note that, in such a case the reduction in the open
fraction of the PNS surface due to confinement by a dynamically-
important magnetic fields (Thompson 2003) would be generic to all
winds and thus could help alleviate the current overproduction of
the charged particle process nuclei Ye < 0.5 wind models (even if
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Figure 9. Upper limit on rates of magnetar birth as a function of the birth
rotation period P so as not to overproduce solar system abundances of r-
process nuclei (eq. 6). Purple crosses show the results based on our abun-
dance calculations of proto-magnetar winds (Fig. 7). Green crosses show
the rate constraint that would result if we used the composition from the
spherical model, but down-correcting the ejecta mass Mej to account for
the purely geometric correction fopen (eq. 5) resulting from the small solid
angle of the open magnetosphere.
rapid rotation itself is comparatively rare). Also note that including
GR will increase the depth of potential well for matter to escape
and lower neutrino energy because of gravitational redshift. Both
these factors will lower the ejecta mass, also alleviating constraints
on the event rate.
4.2 As sources of light r-process nuclei in metal-poor stars
Figure 10 shows the abundances of our time-integrated models
(Fig. 7) compared to the abundances of two Galactic metal-poor
stars, HD 122563 (Honda et al. 2006) and HD 88609 (Honda et al.
2007) which show a relative dearth of “heavy” r-process nuclei
(Z ∼> 56) compared to the solar system; all abundances have been
normalized to the Ru (Z = 44) abundance in our spherical model.
Although the spherical wind models produce large quantities of
charged particle process nuclei (Z = 38 − 40), they underproduce
the solar abundances of the weak r-process nuclei (Z = 41 − 55)
in HD 122563 and HD 88609. By contrast, our rotating magnetar
models produce larger abundances of weak r-process nuclei with
Z ∼> 40, while comparatively underproducing the lighter charged
particle process nuclei.
Our results provide a potential explanation, within the PNS
wind paradigm, for the fact that light r-process nuclei with Z . 56
in metal-poor stars show greater star-to-star variation than the heav-
ier r-process nuclei (e.g. Roederer et al. 2010). We propose that
such star-to-star variation could be understood if the charged par-
ticle process and weak r-process nuclei are produced by a combi-
nation of normal (slowly-rotating and/or weakly magnetized) NSs
and a subclass of magnetars with a range of birth rotation periods.
Magnetars with very short birth rotation periods of P . 1 ms
have also been discussed as a source of heavy r-process nuclei,
mainly by the ejection of low-Ye matter during the early dynamical
phases of the bipolar explosion (Metzger et al. 2008; Winteler et al.
2012; Nishimura et al. 2015). Although such extreme magnetars
are probably rare, potentially disfavoring this channel as the domi-
nant Galactic source of heavy r-process nuclei, V14 point out that
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Figure 10. Abundances in time-integrated models compared to abundances
of Galacic metal-poor stars HD 122563 (Honda et al. 2006) and HD 88609
(Honda et al. 2007). Abundances are normalized to the Ru (Z = 44) abun-
dance of our spherical time-integrated model. After Z = 55, our models
produce very small abundances and they are not able to match the abun-
dances observed in HD 122563 and HD 88609.
magnetars with less extreme birth periods of ∼ 2 − 5 milliseconds
could produce light r-process nuclei in a larger fraction of events.
The rapid core rotation rates of the massive progenitor stars giv-
ing rise to millisecond proto-magnetars are also likely to be more
common at the low metallicities which characterized early epochs
in the chemical evolution of our Galaxy (Stanek et al. 2006).
Both this work and V14 focused on the winds from aligned
proto-magnetars, for which the rotation axis coincides with mag-
netic axis. Studies of the more general case of inclined rotators
are less developed because the problem is inherently non-stationary
(for review, see e.g. Cerutti & Beloborodov 2016). Numerical stud-
ies have shown that the equatorial region of the magnetar outflow in
this case is characterized by ‘stripes’ of alternating magnetic fields,
which are separated by current sheets and are prone to magnetic re-
connection (e.g. Spitkovsky 2006). Dissipation of magnetic energy,
for instance as these stripes reconnect outside the light cylinder ra-
dius (e.g. Lyubarsky & Kirk 2001), provides an additional possible
source of heating in the wind, which would act to both increase
the entropy of the flow and contribute to its acceleration. If this
heating occurs near the seed formation radius, typically close to
the light cylinder in our models, this would substantially enhance
the prospects for synthesizing third-peak r-process nuclei in mis-
aligned rotators compared to the aligned case studied here. The
magnetic inclination angle therefore provides an another parame-
ter, in addition to the rotation period, which could impart diversity
to the r-process yields of proto-magnetar winds.
More work is clearly needed to distinguish the magnetar hy-
pothesis from other proposed sites of the light r-process elements,
such as binary neutron star mergers (Ferna´ndez & Metzger 2013;
Wanajo et al. 2014; Perego et al. 2014; Just et al. 2015; Goriely
et al. 2015; Martin et al. 2015; Wu et al. 2016).
4.3 Gamma-ray burst engines and UHECR sources
The birth of millisecond magnetars may also give rise to collimated
relativistic jets, which in some cases are sufficiently powerful to
break out of the progenitor stars and may power gamma-ray bursts
(GRB; Usov 1992; Thompson et al. 2004; Bucciantini et al. 2008;
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Figure 11. Time-averaged mass fractions of α−particles, free neutrons and
free protons in proto-magnetar winds. We report the mass fractions of neu-
trons and protons at t = 100 s, since at that time free neutrons have not yet
decayed to protons. The horizontal lines of corresponding colors show these
quantities in the spherical model. In spherical wind, the expansion is slower
and hence neutrons have more time to capture onto seed nuclei during the
r-process. This results in much lower value of Xn for spherical winds.
Metzger et al. 2011a). The acceleration of relativistic particles due
to shocks or magnetic reconnection within GRB jets is also consid-
ered a promising source for the origin of ultra-high energy cosmic
rays (UHECRs; Waxman 1995). If the outflows from millisecond
magnetars indeed feed GRB jets, then the composition of the UHE-
CRs accelerated within such a jet should contain a large quantity of
heavy nuclei (Metzger et al. 2011b; see also Horiuchi et al. 2012).5
For rotation periods of P ∼ 1 − 2 ms, the ratio of the Poynting
flux luminosity to the baryon loading of the magnetar wind is suf-
ficiently high that the resulting jet could reach an asymptotic bulk
Lorentz factor of Γ ≈ 100 − 1000 (e.g.Thompson et al. 2004, Met-
zger et al. 2007). Metzger et al. (2011) show that this is sufficient to
produce the observed gamma-ray emission and to accelerate nuclei
within the jet to ultra-high energies ∼> 1019 eV per particle. GRBs
associated with magnetar birth therefore provides a natural expla-
nation for the otherwise puzzling observation by the Pierre Auger
Observatory that the highest energies UHECRs are composed of
heavy nuclei instead of protons (Abraham et al. 2010, see how-
ever Abbasi et al. 2005). This model is also consistent with con-
straints on the non-detection of high energy neutrinos coincident
with GRBs with IceCube (Abbasi et al. 2011), since nuclei typi-
cally lose energy through other processes than photo-pion produc-
tion, and hence are not expected to be accompanied by a neutrino
flux as large as that predicted for proton-dominated compositions.
Figure 11 shows the composition of proto-magnetar jets is pre-
dicted to be roughly XHe ≈ 0.6 by mass in helium, with the remain-
der Xh ' 1 − XHe ≈ 0.4 in heavy nuclei of average mass A¯ ≈ 95
(Fig. 8, Table 1). The latter result is non-trivial, because if the ex-
pansion time of the outflow were sufficiently short, then neutron
capture reactions could in principle freeze-out with an order unity
mass fraction of free neutrons. However, we find that the free neu-
5 This UHECR source from magnetars is notably distinct from scenarios
which invoke particle acceleration within the hot nebula inflated by the mag-
netar wind behind the supernova ejecta in cases when a GRB jet does not
escape from the star (Arons 2003; Fang et al. 2012; Lemoine et al. 2015;
Piro & Kollmeier 2016).
tron mass fraction at 100 s is always small Xn . 10−3 (Fig. 11).
Such a low free neutron fraction would disfavor models in which
the GRB prompt emission is powered by the relative kinetic en-
ergy in the jet between its neutral (neutron) and charged (protons,
nuclei) constituents (Beloborodov 2010), unless the nuclei are de-
stroyed in the jet by photo-disintegration before the radius at which
neutrons collisionally decouple (see below).
The prediction of UHECRs dominated by nuclei with A ∼ 100
has important implications for the energy spectrum and pathlength
of UHECRs through the intergalactic medium. The normal Grezin-
Zatsepin-Kuzmin (GZK) cut-off in the cosmic ray spectrum occurs
due to inelastic pion production by high energy protons which inter-
act with the cosmic microwave background or extragalactic back-
ground light (Greisen 1966; Zatsepin & Kuzmin 1966). At a fixed
(measured) cosmic ray energy E, a nucleus of mass A has a bulk
Lorentz-factor which is a factor of A times smaller than a pro-
ton of the same energy. Naively, one would therefore expect the
effective GZK cut-off energy of a nucleus (interacting with back-
ground radiation of a fixed temperature like the CMB) to be A time
larger than that for a proton. However, nuclei suffer from other loss
processes, the most important one being Giant Dipole Resonances
(GDR), which once excited cause the nucleus to shed free nucleons
or α−particles, reducing its energy.
Metzger et al. (2011) show that a nucleus of initial mass A =
56A56, energy E = 1020E20 eV travels a distance of
χ75 = 170E−1.520 A
1.3
56 n¯
−1
ej Mpc (7)
before losing 25 % of its initial energy, where n¯−1ej ≈ 1 is the mean
number of nucleons ejected per GDR excitation. For an iron nu-
cleus, the mean free path with respect to EBL interaction is coin-
cidentally the same as mean free path for protons with respect to
CMB pair production, resulting in a similar GZK cut-off to the pro-
ton case. However, χ75 ∝ A1.3 implies that for A = 95 nuclei from
our models (Fig. 8), the mean free path is 2 times larger than for
protons. Thus we expect the GZK-like cut-off in the cosmic ray
energy spectrum to extend farther for proto-magnetar wind com-
position than the usual cut-off predicted for protons or iron nuclei.
By contrast, the mean free path for helium is much shorter than
iron, such the composition arriving at Earth is expected to be dom-
inated by heavy nuclei at the highest energies. As already men-
tioned, the highest energy UHECRs do appear to be heavier than
protons (Abraham et al. 2010), although the precise composition is
model- and calibration-dependent and hence remains uncertain.
5 CONCLUSIONS
We have explored the nucleosynthetic yield of the millisecond mag-
netar birth, using wind trajectories based on the force-free magne-
tosphere geometry from V14 (Figs. 1, 3) and using a parameterized
model for the PNS neutrino cooling evolution from Roberts et al.
(2012) (Fig. 4). Our main conclusions are summarized as follows:
• Neutrino-heated winds from millisecond magnetars with ro-
tation periods P ∼ 1 − 10 ms produce heavy element abundance
distributions that extend to higher atomic number than that from
otherwise equivalent spherical winds with the same Ye(t) (Fig. 7).
This increase in the neutron-to-seed ratio is driven mainly by the
faster expansion rate in proto-magnetar winds caused by the faster
divergence of the area function and due to additional magneto-
centrifugal acceleration (V14). For the fastest rotation periods,
P = 1 − 2 ms, it is also driven by the lower value of Ye resulting
from centrifugal acceleration.
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Unfortunately, a direct detailed comparison of our predicted
abundances to data (e.g. in the solar system or on metal-poor stars)
is hindered by the larger uncertainties in the time evolution of Ye in
the wind during the PNS cooling phase.
• The heaviest elements are synthesized by outflows emerging
along flux tubes with latitude θ ≈ θmax, i.e. those in outflows which
graze the closed zone and pass near the equatorial plane outside
the light cylinder (Fig. 6). These fields lines also dominate the total
mass budget of the wind due to their larger fraction of the total
solid angle and, to a lesser degree, enhancements in the mass loss
rate per unit area due to centrifugal acceleration.
• The total ejecta mass for P = 2 − 5 ms is greatly reduced,
by a factor of ∼> 10, due to the small fraction of stellar surface
threaded by the open magnetic flux, as compared to a spherical
wind (Thompson 2003). Such suppression in the outflow fraction
could be a generic feature of PNS winds if strong, dynamically-
important magnetic fields are transient but ubiquitous, e.g. as would
be the case if they are present only during the convective phases of
the PNS cooling evolution. Such uncertainties, in addition to the
uncertain Ye evolution make it challenging to place constraints on
the birth rate of magnetars based on their nucleosynthesis abun-
dances (Fig. 9). For the most rapidly rotating case P = 1 ms, the
total mass loss is instead enhanced by a factor of 3 over the spher-
ical case due to additional magneto-centrifugal acceleration (Table
1).
• Due to dependence of the charged particle process and weak
r-process pattern on the magnetic field strength and rotation rate of
PNSs, natural variations in these quantities between different core
collapse events could contribute to the diversity of abundances ob-
served on metal-poor stars (Fig. 10). This r-process site in the PNS
phase (post-explosion) is notably distinct from that discussed in the
context of MHD supernovae (e.g. Winteler et al. 2012). The latter,
which invoke low-Ye ejecta, have the potential to produce a greater
total r-process yield; however, such extreme magnetars are likely
rarer than those discussed here due to the larger angular momen-
tum of the stellar progenitor core required to produce a maximally-
spinning PNS versus the slower ∼ 2− 5 ms periods described here.
Additional diversity in the r-process abundances of proto-
magnetar winds, not considered in detail here, could result from
variations in the magnetic inclination angle. Magnetic dissipation
within the resulting striped wind could result in additional wind
heating and concomitant entropy gain prior to seed formation, fa-
cilitating a heavier r-process than the aligned case focused on here.
• If proto-magnetars are the central engines of GRBs, their rel-
ativistic jets should contain an order unity mass fraction of heavy
nuclei with A¯ ≈ 100. Subsequent particle acceleration in such a jet
could produce UHECRs with a heavy composition (Abraham et al.
2010) and an energy spectrum that extends roughly a factor of 2
above the nominal GZK cut-off for protons or iron nuclei (Egorova
et al. 2004). Better statistics and modeling of the UHECR energy
spectrum, as well as a more firm measurement of the composition-
dependent UHECR spectrum, is needed to test this prediction and
its subtle differences with the normal proton-dominated model pre-
dictions.
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